Experiments are made on the compressibilities of solid n-paraffins. The lattice deformations due to pressure are measured with the aid of X-rays, the pressures ranging between 700 and 1500 atm. It is found that the linear compressibilities in a plane normal to the chain axes are of the order of 3 to 12 x 10~12 cm.2/dyne. The compressibility in the direction of the chain is less than 3 x 10~13 cm.2/dyne. Numerical estimates show that the repulsive forces between paraffin chains have their origin essentially in the hydrogen shells that surround the carbon chain. The forces are of the same order as those existing between helium atoms.
The mutual attraction between the chain molecules in a paraffin crystal is essentially due to polarization forces of the van der Waals type. Previous calculations (Muller 1936a) show that the lattice energy of a hydrocarbon crystal is accounted for by these forces within reasonable limits.
In the present paper an attempt is made to obtain more information about the forces acting between paraffin molecules, attention being con centrated chiefly on the repulsive forces.
The paper is in two parts. The first deals with experiments on the com pressibility, the second with the nature and magnitude of the forces which hold the molecules together in the lattice. obtained with beryllium containers backed by a surrounding steel tube with suitably drilled holes for the passage of the X-rays.
These containers are made in the following way. A heavy walled steel container with a fairly wide bore is filled with a stiff paste of powdered beryllium (grain size about 120 to an inch) and bakelite varnish. The volatile constituent of the paste is first removed by moderate heating. After this a tight-fitting piston rod of hardened steel is pushed down on the paste under high pressure and the material is baked at about 140° C while the pressure is on. The beryllium-bakelite plug in the steel container is now a solid mass which can be worked with a tool. A central hole of about 1 mm. diameter is drilled, just reaching slightly beyond a set of radial holes in the outer steel cylinder. These holes are of ample width to allow for the small variations in angle of the reflected beams. These con tainers are not always pressure-tight after the first baking. A leaky con tainer can often be made tight by the addition of bakelite varnish and subsequent heating. A carefully made container with a 1 mm. hole and 1 mm. wall stands up to a pressure of 1000-1500 atm. The bore of the inlet and outlet holes for the X-rays is about 1*5 mm.
The containers described so far are suitable for experiments in which the rays are transmitted through the specimen. A pattern which is par ticularly suited for large-angle reflexions is built on slightly different lines. This container has a 1 cm. diameter hole with a flat portion at the closed end. Two slots 1 mm. wide are cut on the outside at right angles to each other and each along a diameter of the circular steel container. Near the centre at the bottom of one of the slots the material is removed so as to form a narrow window of about 5 mm. length and the same width as the slot. The beryllium treated in the same way as before covers the whole inside in a flat sheet 0-5 mm. thick. The paraffin is put on top of the beryllium layer. The X-rays pass along the slot, penetrate through the beryllium window and are reflected by the paraffin. A slight focusing effect is obtained here on account of the extension of the material. A thin sheet of lead is placed in the right-angle slot with its edge a few millimetres from the window. The opening acts as a slit of the type used in the Seemann X-ray spectro graph.
The substances investigated are Reflexion photographs are made with Cu radiation from the 50 kW generator. The absorption in the window is high and the reflected beam weak, so that in spite of the increased primary intensity the time of exposure remains the same as before.
The high pressure to which the specimen is subjected is produced by a hydraulic press. A thick-walled steel cylinder with a sliding piston of 1 cm.2 section is placed between the ram blocks of the press. The cylinder space is filled with oil and communicates through a steel capillary with the specimen container. Direct contact between the oil and the specimen is eliminated with the aid of a small steel plunger placed on top of the material. The pressure is read on a Bourdon gauge connected to the hydraulic press. The readings are corrected for the friction loss in the piston packing; they amount to about 25-30 % at 1000 atm.
The actual experiment is carried out as follows: A few cubic millimetres of the substance are put into the narrow hole of the specimen container with the small plunger on top. The container and the capillary are filled with oil and screwed together tightly. The oil-filled cylinder with its piston are placed between the ram blocks and the pressure is raised slowly up to its final value. A photograph is taken and after finishing the exposure the pressure is released. The second photograph is taken with the specimen at normal pressure. Both photographs are recorded side by side on the same piece of film. The shifts of the lines are small, usually between 1 and 3 mm. They are measured with a screw of known pitch and pointer, or directly with a ruler. The accuracy of these measurements is not high, the error being of the order of ± 10 %. Variations in the readings between successive experiments are of the same order. Table 1 gives an example of the magnitude of these variations.
The shifts of the spacings are calculated with the well-known expression
AD
1 Al D 2 tan 6 R ' ADjD = relative change of spacing, 0 = glancing angle, Al = observed shift of line, R = distance specimen film. Table 2 gives the summary of the observed changes of the spacings 110 and 200 They are all reduced to a pressure difference of 1000 kg./cm.2 under the assumption that the changes are proportional to the pressure.
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Pressure The changes of the a and the 6 axes are obtained from these observations with the aid of a simple geometrical analysis. They are given in table 3. Ab/b n-Ca3H 48 11 x 10~2 1-3 x 10-2 Commercial wax 1*0 x 10-2 0*9 x 10-2 n-Ca9H 60 0-3 x 10-2 0-3 x 10"2 There was only one photograph taken with C17H36. This substance being rather close to its melting-point at room temperature, the reflexions are weaker than those of the others. The 200 line was too faint to be measured with certainty. This is the reason why the data for this substance are not given in table 3. The fact that the displacement of the 110 line is of the same order as that observed with C23H48 suggests that the axial changes of Vol. 178. a.
16
C17H36 are similar to those of the other paraffins. It will be noted that the figures in table 3 show a tendency to become smaller with increasing chain length, or, what amounts to the same, with increasing melting-point. This is likely to have a physical significance since the differences are just outside the error limit.
No change of the third or c axis is obtained within the present limits of accuracy. The observations of the 00(60) and 00(62) plane of C29H60 show no signs of a shift with pressure, in spite of the fact that the reflecting angles of these planes are more than three times as large as that of the 110 plane. From this it is estimated that the compressibility in the direction of the C axis is less than one-tenth of that of the other two.
There is an obvious similarity between this and an earlier observation (Muller 1932 Table 4 gives a summary of the experiments dealt with in the first part of this paper. llx l O " 12 < 3 x 10-13 Commercial wax 9 x 10"12 8 x 10-12 < 3 x 10-13 '"^29®60 2-5 x 10-12 3 x 10-12 < 3 x 10-13
The object of the second part of this paper is to gain information about the repulsive forces acting between paraffin molecules. It is clear that the present enquiry can only deal with the order of magnitude of the forces.
A suggestion has already been made in a previous paper (Muller 1936 a) about the lattice potential of paraffins, and subsequent calculations were published in the same year (Muller 19366) . For the sake of completeness some of the items are repeated here in slightly more detail. They are pre liminary to a discussion involving the new experiments on compressibilities given in the first part of this paper.
The calculation of the compressibility from a potential function involves, as is well known, the second derivative of the potential, and is consequently a very stringent test. Before attempting such a test it seems to be advisable to proceed first with a less exacting enquiry . This will be done in the first part of the following discussion.
The suggestion made previously is this. The repulsion between paraffin molecules is governed by forces of the same type and the same magnitude as those existing in helium. Here is the argument in favour of this hypo thesis.
The hydrogen atoms in a paraffin molecule form an envelope round the carbon chain. These hydrogen envelopes are in contact with each other in the crystal, and since the repulsion forces are known to be of a very short range it seems very likely that the main contribution to the repulsion potential originates from the hydrogen atoms. We now take a single CH2 group and approach one of the hydrogen atoms in the direction of C-H bond from the outside. The spin of the hydrogen atom being compensated by the chemical binding and the electron density being similar to that of a helium atom, it is to be expected that the repulsive force of a combination CH <-> HC is of the same order as that acting between a pair of helium atoms. This conclusion is supported by chemical evidence, for it is well known that the saturated paraffins are not attacked by strong chemical reagents and that they resemble in this respect the inert helium.
The repulsion potential of helium has been calculated from first principles by Slater (Slater 1928). He finds for one pair of helium atoms (f)a = 7*70 x 10~10 x e_2'43B/a< > erg, where R is the distance between the nuclei and a0 the Bohr radius 0*528 A.
(It happens that owing to a numerical coincidence e -2-43/0-528 _ J Q -1 -9 9 9 ^ J Q -2 -0 0
Slater's formula can therefore be written in the following simple form:
< j)a = 7*70 x 10-10 x to -2,007* erg, R in A.) Applying Slater's expression to our problem, we have to introduce for R the actual distances between the hydrogen centres in the paraffin lattice. Only those atoms that are closest together give an appreciable contribution towards the potential. This distance is known from previous work on the structure of paraffin. It is found to be 2*4 A. Taking into account the correct number of co-operating pairs of hydrogen atoms, this results in a repulsion potential of about 2 x 10~14 erg per CH2 group. The van der Waals attractio n potential is about 1*5 x 10~13 erg. This shows a t once th a t the repulsion potential is not only of the right order of m agnitude b u t leaves an excess of attraction energy th a t agrees quite well with the directly observed sublim a tion energy of a paraffin crystal.
In fact the hypothesis of the approxim ate identity of the repulsion in helium and paraffin goes even further. In a paper dealing w ith certain physical properties of solid hydrocarbons (Muller 19366) , a set of figures is given representing the values of the van der W aals and the repulsion potential as a function of the setting angle of the chain molecules in the lattice. The physical meaning of this setting angle as shown on figure 3 (Muller 1936a ) is briefly the following: Assuming the chain axes in a paraffin crystal are kept parallel a t a fixed distance from each other in conformity with structure data, the molecules have still one degree of freedom left, namely, the rotation round their long axes. There is only one degree on account of the sym m etry of the system. The angle related to this degree of freedom is called the setting angle Any variation of this angle alters the distances between the atoms of neighbour molecules and therefore affects the lattice potential. We give first the variations of the attractio n potential (table 5). < p erg erg 0°-1-86 x 10-13 -3-10 x 10-13 30°-1-52 x 10~13 -2-58 x 10-13 60°-1-48 x 10~13 -2-55 x 10~13 90°-1-75 x 10-13 -3-00 x 1(H 3
The way these figures are calculated is explained in Muller (1936a) . Atomic centres are used. The first set of figures involves the use of ionization potential and polarization of the atomic centres, the second their polariza tion and susceptibility. The second set has already been published in a previous paper (Muller 19366) . B oth methods of calculation are equally justifiable. I t is found, however, th a t th e figures in the first column agree better w ith the latest experimental data on the heat of sublim ation given by Ubbelohde (1938) . Table 6 gives the repulsion potential calculated with Slater's helium potential Table 6 We now come to the second point in the argument. The minimum energy of the van der Waals potential as shown in table 5 occurs when the setting angles are either 0° or 90°. This is in contradiction with X-ray observations, for it is found that the setting angle lies definitely between these two ex tremes. This discrepancy vanishes if the repulsive forces are taken into account as is shown in table 7. The analogy between helium and paraffin cannot be expected to go much further. A rough calculation o f the compressibility illustrates this clearly, since it is found th at the result has the wrong sign.
For the purpose of further comparison it seems reasonable, however, to assume that the general law of repulsion in paraffin has the same form as Slater's helium potential, i.e.
VR = Me-*.
The constants in this formula are to be determined with the aid of experi mental data such as energy and compressibility. It is to be expected that the figures obtained in this way should not differ very much from those in the helium potential. This holds in particular for the constant e.
A rigorous treatment, apart from being very tedious, is barred by the fact that the system we are dealing with is at room temperature and therefore not static. Too little is known about the thermal effect upon the com pressibility in this particular problem. It is neglected in the following approximate calculations. An accurate treatment would further be ren dered illusory by the inaccuracy of the present experiments.
The calculation of the compressibility requires the knowledge of the second derivative of both the van der Waals and the repulsion potential. Aa 2 in table 3 show th a t Aa/a is equal to A b / bw ithin the limits of error, and since the axial ratio is f it follows th a t Ab/Aa = §.
The calculation of the repulsion potential is much simpler. Only four term s are taken into account. They are all due to those hydrogen atoms th a t are closest to the two hydrogens in the CH2 group for which the potential is calculated. The higher term s are much smaller. They are neglected here. Here again the angles between the radii and the axes enter into the calculation. 2-41A is the equilibrium distance between the nearest hydrogen atoms. The factor 2 is obtained as follows: The potential of one pair of hydrogen atoms is M e-".
The lattice potential is VR = and since we have four atoms of the same kind the potential is equal to
We have now all the data necessary for the evaluation of the constants M and e and of the compressibility.
The calculation is again carried out with the two sets of figures given in table 8.
The lattice energy of a CH2 group is about 1 x 10~13 erg according to the latest experiments. The van der Waals potential calculated with the first set of constants is -1-52 x 10~13 erg. Therefore We simplify the calculation of the compressibility assuming the substance to be isotropic in a plane normal to the chain axes. The error thus introduced is unimportant. It does not affect the order of magnitude of the resulting figure. Under these conditions we have where q is the cross-section of one CH2 group measured in a plane parallel to the chain axes and l the distance between successive planes containing the axes of the chains and being parallel either to the a or the b axes of the crystal. If q is measured in a plane containing the a and the c axis, its numerical value is 1*27 x 7*4 A2, and the corresponding distance l = 2-5 A; if it is measured in the be plane, we have q = 1-27 x 4*95 A2 and l -3*7 A. These data are taken directly from the structure model of the paraffin crystal. The q/l obtained with these data differ from each other. The average q/l is 2;73 A. Table 10 gives the second derivatives of the total potential. These are calculated with the two sets of figures for e and VR given above and the data in tables 8 and 9. In conclusion, the writer wishes to thank Mr H . Sm ith for his untiring help and for m any valuable technical suggestions in connexion w ith the design o f the beryllium pressure containers. H e also expresses his apprecia tion to the director and the managers o f the R oyal In stitu tion for thenkind interest in this work.
